Ultrasonic in-situ observation of alumina particles in molten aluminum at temperature up to 800
In-Situ Observation of Alumina Particles in Molten Aluminum
Using a Focused Ultrasonic Sensor
Introduction
There are growing demands for in-situ measurements of molten metals. Techniques for such in-situ measurements are needed not only to make basic researches on molten metals but also to realize on-line monitoring of molten metal processes in industries because of the necessity for the quality control and optimization in metal production line. In particular, because of ecological and economical concerns in society, such on-line monitoring technique for molten metals is urgently necessary for quantitatively evaluating the cleanliness of refined-recycled metals at molten stage. The cleanliness of metals is frequently deteriorated by contaminations during the primary manufacturing steps. In the case of aluminum, the impurity can be oxide films along with hard carbide inclusions that are introduced in the original melting process. The hard par-ticles, associated with oxide film, are detrimental in the forming of thin-wall cans. These particles scratch or deform the draw dies and part rejection can be costly. The magnesium and other metal industries have similar problems. The impurity particle sizes can vary from less than 10 µm to greater than 1 000 µm (1) . Although the cleanliness is normally evaluated by the extraction of a metal sample followed by the laboratory analysis after solidification, it is much preferred to be evaluated quantitatively at the molten stage. When such cleanliness evaluation method is successfully implemented in industry, this type of on-line monitoring could potentially provide information regarding liquid metal processing problems.
Ultrasound, owing to its capability to probe the interior of materials, is expected to be a tool for the molten metal monitoring. To facilitate high temperature uses of ultrasound, ultrasonic waveguide is a classical and useful technique, for which a long buffer rod is often employed. In the last twenty years, several approaches using the buffer rod technique have been made (2) - (4) . Ultrasonic sensors were developed recently, where clad buffer rods provide superior wave guidance performance of high signal-to-noise ratio at elevated temperatures (5) - (7) . It has been demonstrated that such clad buffer rod can detect silicon carbide particles in molten aluminum in pitch-catch mode (8) . Furthermore, it has been experimentally verified that focused ultrasonic waves can be successfully generated by a spherical acoustic lens fabricated at the probing end of the buffer rod (9) . Such focused ultrasonic sensors provide high spatial resolution in molten zinc at 600
• C (10) . Although the measuring area by the focused sensors is confined within the focusing zone, the focused waves can detect the scattered energy from an individual particle because of high signal-to-noise ratio (SNR) of the ultrasonic signal. Therefore, the focused ultrasonic technique could be a powerful tool to monitor precisely and quantitatively inclusion particles in molten metals. It is highly beneficial to apply such focused ultrasonic sensor to the monitoring of metal recycling processes.
Aluminum (Al), most widely used and recycled, is worthy to be examined. The purpose of this work is to demonstrate the feasibility of implementing the focused ultrasonic sensor for on-line particle detection in molten Al. We have carried out experiments with a focused sensor at 10 MHz to detect alumina particles of 160 µm, which are smaller than a wavelength of the longitudinal wave. In addition, the effect of the size and the aggregation condition of the particle on the backscattered echoes has also been examined.
Focused Ultrasonic Sensor
We used a pulse-echo technique with a focused ultrasonic sensor, which consists of a conventional piezoelectric transducer (UT), a taper-shaped clad buffer rod as an acoustic waveguide and a cooling system. The difficulty in conventional pulse-echo measurements using a long buffer rod is caused by spurious echoes due to one or more of: wave reverberation, mode conversion and diffraction within the buffer rod of finite diameter. These spurious echoes deteriorate the SNR because of their possible interference with the desired signals to be measured. An effective way to reduce these unwanted spurious echoes is to use a tapered buffer rod (7) . Since the reduction of spurious echoes depends on the tapering angle, a proper angle has to be chosen in designing the geometry of the rod. The tapering angle used for the present buffer rod is determined to be 2.0
• from the numerical evaluation with finite difference method (11) . Figure 1 (a) shows the exterior of the developed sensor. A conventional 10-MHz broadband UT of 6.35-mm diameter is used. The material for the buffer rod is the martensitic stainless steel (JIS-SUS410). Thermal sprayed stainless steel cladding layer is deposited on the surface of the buffer rod. The length of the rod is 200 mm, the cladding thickness is about 1 mm. The longitudinal wave velocities in the core and cladding are about 5 930 m/s and 2 300 m/s at room temperature, respectively. The porous structure of the cladding layer produced by thermal spray results not only in the high ultrasonic loss but also in the low ultrasonic impedance (12) . Such cladding is to ensure the proper ultrasonic guidance in the core resulting in signals with high SNR because of the wave trapping effect by total internal reflections in the cladding layer (13) . It has been experimentally verified that clad rod and taper configurations are important to reduce unwanted spurious echoes (5) - (7) . In order to provide high spatial resolution measurements, a spherical concave surface is machined at the probing end of the rod as shown in Fig. 1 (b) . This is as an acoustic lens for generating and receiving focused ultrasonic waves. The radius of the lens, R, is 4.37 mm and the aperture diameter, D, is 8 mm. This probing end of the sensor is inserted into the melting crucible in the furnace. The sensor surface is damaged by the chemical reaction with molten Al for a long immersion, but can be used for an hour.
The effect of the air-cooling channel attached to the UT end of the buffer rod is examined. The cooper pipe of 6-mm diameter is used for the cooling channel. The flow rate and the pressure of air are 0.43 m 3 /min and 7 kg/cm 2 , respectively. While the probing end of the rod is being heated to 800
• C in the electric furnace, the temperature at the UT end is measured with and without air-cooling. Figure 2 shows the temperature variations. We observe that the temperature easily increases up to 160
• C in the case of no cooling. For such temperature range most of piezoelectric transducers do not work because it is beyond the Curie temperature. On the other hand, the temperature of the air-cooled rod is kept below 40
• C. Thus, the aircooling is quite effective to protect the UT and therefore will provide a stable measurement condition that can be maintained for appropriate period.
Numerical Evaluation of Focusing Ability
Focusing caused by the acoustic lens is effective to detect small particles in molten Al. Focusing of the acoustic lens is essential for making quantitative evaluations of particles and their behavior in molten Al because the reflection signals from the particles are closely related to the focusing geometry. The focusing characteristics such as a focal length and a focal zone have been experimentally evaluated using a thin wire in molten zinc (10) . In this work the focusing acoustic field has been numerically examined by finite difference method. The propagation characteristics of the predominant guided modes in cylindrical rods at high frequencies can be approximately estimated by two-dimensional analysis in Cartesian coordinate (11) , (14) . Therefore, the displacements caused by the elastic wave propagating in the buffer rod are calculated using a two-dimensional isotropic model. The governing elasto-dynamic equations are:
where u and v are the displacements in the x and y directions, t is time, λ and µ are Lamé constants of the medium, and ρ is the density. A set of coupled finite-difference equations corresponding to Eq. (1) are used to compute the displacements u and v under the boundary conditions at every interface that impose continuity of stresses and displacements. The motion of longitudinal and shear waves in the medium can be obtained, as long as the stability requirement for the finite difference equations is satisfied. The time step ∆t is then chosen according to the von Neumann stability criterion (15) , ∆t ≤ ε(v
, where v l and v t are the longitudinal and shear-wave velocities, respectively, and ε is the grid spacing. For getting sufficient accuracy the grid spacing should be smaller than the shortest wavelength of the highest frequency in the pulse and the lowest wave velocity in the medium. In this work the grid points are spaced at intervals of 1/10 of shear wavelength. Since our concern is to evaluate the focusing characteristics, a short buffer rod model is used for the simulation, as shown in Fig. 3 . Cladding layer is neglected in the model because it barely affects the wave propagation in such a short rod (5) , (11) . Materials properties for a stainless steel rod and molten Al at 800
• C are used in the calculation: the longitudinal-wave velocity, the shear-wave velocity and the density for the steel rod are 5 450 m/s, 2 380 m/s and 7 900 kg/m 3 , respectively, and those for molten Al are 4 600 m/s, 230 m/s and 2 700 kg/m 3 , respectively (3) , (16), (17) . The shear-wave velocity for molten Al is assumed to be 1/20 of the longitudinal-wave velocity so that an appropriate numerical calculation is performed (17) . A Gaussian-type longitudinal pulse of 10 MHz from a 6.35 mm diameter UT is employed. Software from Cyber Logic Inc. (New York, NY) was used in the present simulation. Figure 3 displays a snapshot image of the displacement amplitude at a given instant. We see that a longitudinal wave is focused onto a point in molten Al. Figure 4 shows a contour plot of the acoustic field in the vicinity of a focal zone. Figure 4 shows that the ultrasonic wave can be focused onto a small area comparable to a wavelength (460 µm) and the focal length of the acoustic lens is about 20 mm. It is expected from this result that the focused buffer rod provides high lateral resolution measurements so that particle detection in molten Al is possible using the focused sensor.
Experiments and Discussion

1 Pulse-echo measurement in molten Al
Pulse-echo measurements in molten Al at 800
• C are performed using the focused buffer rod sensor operating with a 10-MHz broadband UT. The probing end of the sensor is immersed into the molten Al and then reflected echoes from a steel plate reflector placed at the bottom of a crucible are measured while the distance between the sensor and the reflector is changing from 0 to 30 mm. Figure 5 shows the measured echoes at every interval of about 5 mm. The echo amplitude changes as a function of the distance as expected from the numerical evaluation shown in Fig. 4 . The maximum amplitude occurs at a distance of 20 mm, the focal length shown in Fig. 4 .
From the time-of-flight reading, the longitudinal-wave velocity in the molten Al at 800
• C is determined to be about 4 255 m/s, which is close to the reference value (3) . The focal length, F, of the acoustic lens can then be roughly estimated to be 22.5 mm from F = R/(1−v 2 /v 1 ), where R is the radius of the acoustic lens, v 1 and v 2 are the longitudinal- Figure 6 shows a schematic view of the experimental setup for particle detection in molten Al. Alumina particles are chosen as inclusions to be detected, because they are the major impurity particle in molten Al. The molten Al in a crucible is kept at 800
2 Particle detection
• C during the experiment. A PC-based serial data acquisition system is used for pulseecho measurements. The average size of alumina particles used is about 160 µm as shown in Fig. 7 . It is noted that this particle size is smaller than that of a wavelength of the ultrasonic wave in the molten aluminum. The quantity of the alumina particles in molten Al is about 0.01% in volume. Figure 8 shows 8 traces extracted from more than 600 traces acquired in 30 seconds. At the beginning of measurement, there was no stirring and no significant echo is observed as shown in the top trace. This is because alumina particles are located in the bottom of the crucible and there is no remarkable particle in the focusing zone of the sensor. However, once the molten Al is manually stirred, the particles start to move up into the focusing zone to cause reflections. Although some echoes are observed even outside the focusing zone, it is reasonable to consider that most of the echoes in Fig. 8 are the backscat- tered ones from alumina particles passing through the focusing zone of the sensor. We find that the developed focused sensor can successfully detect alumina particles of about 160 µm suspended in molten Al. We suppose that the peak height of the echoes is mainly dependent on the size of the particle causing the backscattering and the clustering condition of the particles. In fact, we see a large difference in the peak height at the same location in the time series in Fig. 8 . Since the size of the particle used in this experiment is considered to be almost the same, it is highly probable that such large difference results from an aggregation of the particles. Although agglomerate alumina particles are often observed in Al after solidification (19) , (20) , in-situ observation is almost impossible for such an aggregation behavior in molten Al. We then carried out a numerical evaluation to examine the influence of particles aggregation on the backscattered echo. The two-dimensional finite difference technique described in section 3 is employed for the numerical evaluation. We use a flat disc in place of a sphere for the model of the alumina particle. The grid spacing used is 2.3 µm which is sufficient to get high accuracy. The longitudinal velocity, the transverse velocity and the density for alumina particle used in the calculation are 10 600 m/s, 6 300 m/s and 3 900 kg/m 3 , respectively, and Figure 9 (a) shows the result for the case where there is no particle. Figure 9 (b) shows the pulse echo from a particle of 230-µm diameter. We see a clear echo even from the particle that is equal to half wavelength of the ultrasonic wave. Figure 9 (c) is the pulse echo from a particle of 690 µm. The pulse is deteriorated and the peak height is even smaller than that from the particle of 230 µm. This is owing to the interference of the reflected echoes from both sides of the particle. Figure 9 (d) shows the result for a case where two particles of 230-µm diameter are aligned perpendicular to the pulse propagation direction. A clear echo with a large peak height is observed. Figure 9 (e) is a special case where seven particles aggregates to make a large particle like the particle shown in Fig. 9 (c) . The reflected echo from such an aggregation is very similar to that from a large particle of 690-µm diameter. Thus, it has been found that not only the height but also the shape of the backscattered echo is drastically changed depending on the aggregation condition of the particles as well as the size. We must pay attention to the effect of aggregation behaviors of particles on measured pulse echoes in order to make quantitative particles evaluations in molten Al. The backscattered echo may be influenced by the irregularity of the particle. It is considered that the irregularity is not a dominant factor in this experiment because the particle size is much smaller than the wavelength of the pulse wave. However, the influence of the irregularity could be strong when film or needle-like shaped inclusions are measured at higher frequencies.
Conclusions
This paper demonstrated the capability of an ultrasonic technique for detecting alumina particles in molten Al using the focused ultrasonic sensor operated at 10 MHz. Focusing ability of the focused sensor has been examined by a numerical simulation using finite differential method and it was then verified that ultrasonic pulse wave could be successfully focused onto a small spot comparable to a wavelength of the ultrasonic wave. Using the focused ultrasonic sensor, the backscattered ultrasonic echoes from the alumina particles of about 160 µm in molten Al at 800
• C have been successfully measured in the pulse-echo mode. This demonstrates the feasibility of implementing this sensor in the cleanliness evaluation of molten Al based on particles detection. The influence of particles aggregation on the backscattered echo has also been examined numerically. It was found that not only the height but also the waveform of the backscattered echo is influenced by the aggregation condition of the particles as well as the size. It is very important to understand the effect of aggregation behaviors on the measured pulse echoes in order to make quantitative cleanliness evaluations based on detecting particles in molten Al. For a practical use of this technique, further studies on reliability in measurements and corrosion resistance of the sensor are needed.
